Rotator cuff tendon (RCT) pathology is the most common cause of shoulder pain.[@bib1] Rotator cuff tendinosis, which refers to processes such as impingement, rotator cuff fraying, partial-thickness tears, and tendinitis, is a normal element of human aging.[@bib1]^,^[@bib2] While often asymptomatic, RCT pathology can be a source of pain and significantly impact patients' quality of life.[@bib3] Corticosteroid injections (CSIs) into the subacromial space have served as a valuable treatment modality to the physician treating patients with RCT pathology refractory to conservative management, as they have demonstrated to improve symptoms in the short term.[@bib3], [@bib4], [@bib5], [@bib6] However, CSIs have failed to consistently provide long-term pain relief, and recent studies suggest that CSIs may even predispose to worse long-term outcomes, such as pathologic progression or surgical failure.[@bib4]^,^[@bib5]^,^[@bib7], [@bib8], [@bib9]

Traditionally, inflammation was believed to be the main driver of pain related to RCT pathology.[@bib10] Corticosteroids, which have potent anti-inflammatory properties, were thought to directly counteract this process and have since become a popular treatment modality for RCT pathology.[@bib11] However, recent studies have shown that RCT pathology is more consistent with a failed healing response rather than a traditional inflammatory reaction.[@bib9]^,^[@bib12] Normal tendon healing is characterized by sequential inflammatory, proliferative, and remodeling phases, which require fibroblast proliferation, angiogenesis, and nerve ingrowth.[@bib8]^,^[@bib13], [@bib14], [@bib15] It has been hypothesized that the long-term negative effects of CSIs for RCT pathology may be due to altered release of toxins and the inhibition of collagen formation, extracellular matrix molecules, and granulation tissue, all of which are central to the healing process.[@bib4]^,^[@bib11]

The basic science that underpins the relationship between CSIs and RCT biology and healing remains poorly understood. Given the recent increased interest in the use of CSIs to treat RCT pathology, there is a need for a comprehensive review to better characterize this relationship. A more complete understanding of the impact of CSIs have on the rotator cuff is necessary to determine what their application should be in the clinical setting. Therefore, the purpose of this systematic review is to evaluate the in vitro effects of CSIs on the RCT. We hypothesized that CSIs would have deleterious effects on RCTs in vitro.

Methods {#sec1}
=======

Systematic Review and Study Inclusion {#sec1.1}
-------------------------------------

In May 2019, a systematic review of the MEDLINE database was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines[@bib16] ([Fig 1](#fig1){ref-type="fig"}). The PubMed interface was used to identify all studies published in the last 15 years, reporting on biochemical, histologic, or biomechanical effects of CSIs for rotator cuff tears. Specifically, the following search terms were used, with no date restriction applied: "rotator cuff OR supraspinatus OR infraspinatus OR subscapularis AND (injection OR steroid OR corticosteroid OR cortisone OR glucocorticoid OR methylprednisolone OR triamcinolone OR dexamethasone OR betamethasone)." The titles and abstracts of articles identified by this query were then screened separately by 2 independent reviewers (R.N.P., B.H.P.) to include studies that were published in the English language and reported on laboratory findings of the effects corticosteroids have on human or animal RCT. Following screening, full-text assessments of all identified publications were performed to confirm inclusion. If there was any ambiguity regarding the potential inclusion of a study based on the title or abstract, a full-text review of that paper was performed. Any study not published within the past 15 years was excluded. Studies were excluded if they did not have a control group, did not sample RCT or greater tuberosity, or were not specific to RCT/rotator cuff repair (RCR). All systematic reviews and case reports also were excluded. Studies listed in the references section of all studies meeting the aforementioned inclusion and exclusion criteria also were screened and evaluated for potential inclusion in this review.Fig 1Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for study inclusion.

Data Collection and Presentation {#sec1.2}
--------------------------------

For all included studies, outcomes were categorized into effects on cellular/structural morphology, cellular proliferation/senescence, cell viability, inflammatory response, collagen composition, metalloproteinase expression, apoptosis, or biomechanical strength. Given the variety of reporting methodology, meta-analyses were not performed. Instead, results were synthesized qualitatively and stratified into sections for biochemical data, cellular changes/histology data, and biomechanical data. All information from included studies was tabulated using Microsoft Excel 365 (Redmond, WA).

Evaluation of Literature Quality {#sec1.3}
--------------------------------

Two reviewers (R.N.P., B.H.P.) independently appraised the quality of each included study. As none of these were randomized controlled trials, evaluation was performed by use of the Methodological Index for Non-Randomized Studies (MINORS) criteria.[@bib17] MINORS criteria assess 8 critical aspects of study design for noncomparative studies and an additional 4 aspects of study design for comparative studies. Each item is given a score of 0 if information is not reported, 1 if information is reported but inadequate, and 2 if information is reported and adequate. Therefore, the maximum possible score is 16 for comparative studies and 24 for noncomparative studies. If there was any discrepancy between the results of the 2 reviewers, the item in question was discussed with the senior author who made the final determination of MINORS score.

Results {#sec2}
=======

Laboratory Studies {#sec2.1}
------------------

Sixteen studies were identified that had been published in the last 15 years on the effects of corticosteroids on RCTs. Eight of these studies were on human RCTs, 6 were on rat tendons, 1 considered both human and rat tendons, and 1 was on dog tendon. Five studies analyzed the effects of corticosteroids on the biomechanical properties of RCT or RCR, whereas the remaining observed the cellular and molecular effects of CSIs on RCT ([Table 1](#tbl1){ref-type="table"}).[@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33]Table 1Methodologic Characteristics of Included Laboratory StudiesAuthorsJournalYearRotator Cuff Tendon SourceCorticosteroid ExposureTested SubstrateDose/ConcentrationTiming of AssessmentMuto et al.[@bib18]JOR2013Intact humanIn vitroTA, PRP0.1 mg/mL TA1, 7, 14, 21 dLee et al.[@bib19]KSSTA2015Injured ratIn vivoMP0.6 mg/kgGene expression: 1, 3, 7, 14, and 42 d\
IHC: 14 and 42 dDean et al.[@bib20]BJSM2014Injured humanIn vivoMP40 mgImmediately before treatment, 7 wk postTilley et al.[@bib21]BJR2014Injured humanIn vivoUnspecifiedUnspecifiedImmediately prior to treatment, 7 weeks postHarada et al.[@bib22]BJR2014Intact humanIn vitroTA1 or 2 doses of 0.1 mg/mL at 7-, 14-, or 21-d intervals, or 1 dose of 1.0 mg/mL1, 7, 14, 21 dNakamura et al.[@bib23]JOR2015Injured human, and ratIn vivoDEXA, HA0.01, 0.1, 0.5, 1.0 mg/mL DEXA or HA (human), 0.1 μL/g DEXA or HA (Rat)Humans: After 24-h culture\
Rats: 24 h, 2 wk, 4 wkJo et al.[@bib24]AJSM2017Injured humanIn vitroDEXA and PRP1 μM5 dsRamírez et al.[@bib25]*Connective Tissue Research*2018Injured humanIn vivoCSI1-4 injections of unspecified doseNRJi et al.[@bib26]*Journal of Microbiology and Biotechnology*2019Injured humanIn vitroDEXA1 μM10 min, 1 h, 2 hTempfer et al.[@bib27]*Acta Orthopaedica*2009Healthy humanIn vitroTA40 mg/mL0 h, 24 h, 48 h, 96 h, 1 wk, 2 wkWei et al.[@bib28]JBJS2006Injured ratIn vivoMP0.6 mg/kg1, 3, 5 wkDolkart et al.[@bib29]JSES2017Healthy ratIn vivoMTA1 or 3 weekly doses of 0.66 mg/kg1 and 4 wk postinjectionMikolyzk et al.[@bib30]JBJS2009Injured ratIn vivoMP0.6 mg/kg1, 3, and 5 wk after injectionMaman et al.[@bib31]AJSM2016Injured ratIn vivoMTA1 or 3 once weekly 0.6 mg/kg1 wk after injectionNuelle et al.[@bib32]*Journal of Orthopaedic Translation*2016Healthy dogIn vitroBM, TA, MTA5 mg/mL, 40 mg/mL, 40 mg/mL, respectively1, 7 dGhellioni et al.[@bib33]*Revista Brasileira de Ortopedia*2015Healthy ratIn VivoMPThree doses of 0.6 mg/kg, 6 mg/kg at 24 h and 7 d after first dose1, 7, 14 d[^1]

### Molecular {#sec2.1.1}

Several studies showed molecular effects of decreased cellular proliferation/senescence and decreased capacity for tendon repair and cellular migration, and thus healing[@bib23]^,^[@bib24]^,^[@bib27] ([Table 2](#tbl2){ref-type="table"}).[@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28]^,^[@bib32]^,^[@bib33] These effects on cellular proliferation were visualized directly at 48 and 96 hours after treatment and demonstrated indirectly by decreased proliferating cell nuclear antigen (a protein essential for DNA replication and repair) expression 2 weeks after corticosteroid exposure.[@bib23]^,^[@bib27] Decreased capacity for physiologic tendon repair and cellular migration was demonstrated by decreased levels of matrix metalloproteinase (MMP) and increased levels of tissue inhibitors of metalloproteinases after exposure to corticosteroids.[@bib24]^,^[@bib27]Table 2Molecular and Histologic Findings of Included StudiesAuthorsMorphologic ChangesCellular ProliferationInflammatory CytokinesCol I/Col IIIMMPApoptosisCell ViabilityConclusionMuto et al.[@bib18]**+↓↑↓**The deleterious effect of TA was prevented by PRP, which can be used as a protective agent for patients receiving local TA injections.Lee et al.[@bib19]---**↓↓**------A subacromial steroid injection may alter the collagen composition and extracellular matrix and interfere with the healing process in an acute tear, but these alterations seem to become normalized after the early inflammatory healing phase.Dean et al.[@bib20]**↑**[∗](#tbl2fnlowast){ref-type="table-fn"}The increases in cell proliferation, vascularity, and HIF-1α after surgical rotator cuff repair appear consistent with a proliferative healing response, and these features are not seen after CSI. The increase in the glutamate receptor NMDAR1 after GCI raises concerns about the potential excitotoxic tendon damage that may result from CSI.Tilley et al.[@bib21]---Neither CSI or SAD altered tissue structural properties, suggesting functional recovery does not equate to recovery of tissue properties.Harada et al.[@bib22]**+↑↓**A 0.1 mg/mL dose of TA temporarily decreased cell viability and increased cell apoptosis, which was recovered at 21 days; however, 1 mg/mL of TA caused irreversible damages. An interval \>3 wk was needed to safely readminister TA.Nakamura et al.[@bib23]**+↓↑**Although decreased cell proliferation and delayed healing in the CS group were noted 2 weeks after surgery, no significant differences were found among the 3 groups 4 weeks after surgery.Jo et al.[@bib24]**↓↓**---**↓↑↓**The addition of PRP avoids the deleterious effects of corticosteroids on tenocytes but does not interfere with the anti-inflammatory effects of themRamírez et al.[@bib25]**↑**The administration of corticosteroid is associated with a greater amount of apoptosis at the insertion site of the rotator cuff (rupture edge) in patients who received CSI + RCR, compared with RCR alone.Ji et al.[@bib26]**↓**[†](#tbl2fndagger){ref-type="table-fn"}DEXA promoted nuclear localization of NF-kB but was not effective in inhibiting the inflammatory response of TNF-αstimulated RCT.Tempfer et al.[@bib27]**+↓↓**TA caused changes correlating with reduction in the cellular capacity for tendon repair, changes in cellular differentiation (increased chondrocytes and adipocytes), cellular degradation, and decreased cellular proliferation and collagen synthesis rate.Wei et al.[@bib28]**↓**A single dose of corticosteroid does not alter the acute phase response of an injured rotator cuff tendon in the rat. However, the same steroid dose in uninjured tendons initiates a short-term response equivalent to that of structural injury.Nuelle et al.[@bib32]**↓**Peritendinous injection of lidocaine, betamethasone, and methylprednisolone results in significant supraspinatus tenotoxicity in vitro.Ghellioni et al.[@bib33]**↓↓**There is a dose-dependent reduction of mechanical resistance and histological modifications of rotator cuff tendon exposed to corticosteroids.[^2][^3][^4]

Studies also showed a decrease in the ratio of type I to type III collagen and other extracellular matrix (ECM) proteins[@bib19]^,^[@bib24]^,^[@bib27] ([Table 2](#tbl2){ref-type="table"}). Type I to type III collagen ratio was decreased at 7 days[@bib19]^,^[@bib28] but not at 1 day[@bib24] or 14[@bib19] days on gene expression or secretion analysis. Furthermore, the study by Tempfer et al.[@bib27] found a differentiation process occurred after corticosteroid exposure that resulted in increased numbers of adipocytes and chondrocytes 2 weeks after exposure.

Several studies also observed alterations in the inflammatory pathway caused by corticosteroid exposure[@bib19] ([Table 2](#tbl2){ref-type="table"}). A decrease in the gene expression of tumor necrosis factor-α was seen at 3 days after steroid exposure, but no significant changes were observed at 1[@bib24] or 7 days.[@bib19] Furthermore, Kim et al.[@bib34] discovered decreased levels of SF-1 expression (a potent chemotactic and angiogenic factor) after corticosteroid exposure. Finally, the study by Jo et al.[@bib24] found that corticosteroids also decreased the expression of proinflammatory cytokines and decreased anti-inflammatory cytokines.

Corticosteroid exposure results in an increase in apoptotic cells and a decrease in cellular viability and cellular metabolism[@bib18]^,^[@bib22]^,^[@bib25]^,^[@bib36] ([Table 2](#tbl2){ref-type="table"}). Cellular viability was shown to be reduced 14 days after exposure but not at 21 days after a single dose.[@bib18] If a second CSI was administered within 7 or 14 days of the first, cellular viability did not return to normal, but 21 day latency between doses did result in a return of viability.[@bib22] Greater percentages of apoptotic cells after corticosteroid exposure were directly visualized in 3 studies[@bib18]^,^[@bib22]^,^[@bib25] and indirectly in 1 study by showing increased *N*-methyl-D-aspartate receptor 1 glutamate receptor expression (thus greater susceptibility to oxidative stress and apoptosis induction).[@bib20] Of note, the observational biopsy study by Ramírez et al.[@bib25] found that patients who received a CSI before RCR had a 200% increase in the amount of apoptotic cells compared with those who only received an RCR.

### Histologic {#sec2.1.2}

Exposure to corticosteroids caused loss of normal tenocyte and collagen morphology. These changes included loss of cellular orientation, increased polygonal and flattened appearance of cells, and decreased vascular proliferation. These changes were observed at 7 days[@bib33] but not 21 days after low dose corticosteroid exposure.[@bib18]^,^[@bib22] However, the histologic appearance did not return to normal at 21 days after high-dose corticosteroid exposure.[@bib18]^,^[@bib22] Changes of collagen appearance on micro- and ultra-structural analysis, including irregular collagen arrangement and increased apoptotic cells, were seen 24 hours[@bib23] after corticosteroid exposure, but not at 2 weeks[@bib19]^,^[@bib23] or 7 weeks post-CSI.[@bib21]

### Biomechanical {#sec2.1.3}

All 5 biomechanical studies were performed on a rat model. Four of these reported a significant decrease in load to failure and stiffness in healthy and injured tendons treated with CSIs compared with a control[@bib12]^,^[@bib30]^,^[@bib31]^,^[@bib33] or with hyaluronic acid.[@bib23] In addition to showing altered RCT biomechanics, the study by Maman et al.[@bib31] also demonstrated significantly decreased greater tuberosity bone volume density on micro-computed tomography 1 week after 3 consecutive methylprednisolone acetate injections. The remaining study showed a decrease in suture anchor pull-out strength in rat shoulders receiving CSIs.[@bib29]

Three of these studies explored the temporal relationship between an injection and biomechanical properties: there is a significant decrease in load to failure and stiffness of RCT, as well as suture anchor pullout strength, one[@bib29]^,^[@bib30] and two[@bib20] weeks following CSI. However, there is no change in any of these biomechanical properties at three[@bib30] and four[@bib23]^,^[@bib29] weeks after CSI.

Three of these studies elucidated dose-dependent relationships between CSIs and biomechanical properties: there was no difference in load to failure in injured RCTs treated with 1 CSI compared with those treated with 3 once-weekly CSIs.[@bib29]^,^[@bib31] However, healthy RCTs treated with 3 once-weekly CSIs had significantly decreased load to failure and stiffness compared with the control, whereas a single CSI showed no effect on this group.[@bib29] Furthermore, greater tuberosity volume density was significantly lower after 3 once-weekly CSIs but not after a single CSI.[@bib31] The study by Ghellioni et al.[@bib33] found that increasing concentrations of CSI had greater detrimental effects on RCT mechanical resistance.

Discussion {#sec3}
==========

The results of this systematic review of suggest that particular timing and dosages of CSIs have deleterious effects on RCT health and healing. On a molecular level, CSIs decrease cellular proliferation, alter collagen and ECM composition, impede inflammatory pathways, decrease cellular viability, increase adipocyte differentiation, and increase apoptosis. These changes can be seen as early as 24 hours after corticosteroid exposure, last as long as 2 to 3 weeks, and are exacerbated by increased doses and decreased latency between doses. Biomechanical studies demonstrate that these changes result in decreased maximal load to failure, tendon stiffness, and suture anchor pull-out strength in rat shoulders up to 2 weeks but not at 3 and 4 weeks, post-CSI.

It has long been postulated that glucocorticoids have a negative effect on the homeostasis of collagen and tendons, and their role in the treatment of RCT remains a topic of debate.[@bib8]^,^[@bib9]^,^[@bib35], [@bib36], [@bib37] On a histologic and molecular level, tendinopathy is the result of a mechanical insult followed by a persistent failure of a healing response.[@bib9]^,^[@bib38] In the early stages of tendinopathy, it has been shown that an inflammatory response exists, which results in the recruitment of mononuclear phagocytes and expression of MMPs that promote tissue repair and angiogenesis.[@bib39]^,^[@bib40] When the tendon continues to be stressed and subjected to further loads without adequate recovery time, the healing process fails, and tendinopathy progresses.[@bib39]^,^[@bib40] Glucocorticoids appear to disrupt this healing process and facilitate the progression of tendinopathy via several mechanisms.

Our study found that glucocorticoids decrease the expression of MMPs and disrupt the physiologic inflammatory cascade by decreasing proinflammatory cytokines within the first week following exposure. The current study also elucidated that glucocorticoids induce cellular senescence, decrease viability, and induce apoptosis, perhaps by increasing excitotoxic *N*-methyl-D-aspartate receptor 1 glutamate receptors. These changes were found to be transient, lasting 1 to 3 weeks, but levels did not return to normal if samples were re-exposed within a 1- to 2-week time frame. These molecular and cellular effects manifested as decreased tensile strength and mechanical resistance of the RCT within 2 weeks of CSI in biomechanical studies. This finding supports the practice of allowing a minimum of 1 month after CSI to allow the tendon to re-establish its native biomechanical properties before performing arthroscopic RCR. Although the anti-inflammatory effects of CSIs may be favorable in terms of pain relief and temporary restoration of function, the impediment of inflammatory pathways and direct cellular damage prevent tendon healing and thus may promote progression of tendinopathy.

Despite conflicting evidence of efficacy, it is common clinical practice to prescribe CSIs in combination with physiotherapy to treat symptomatic RCTs. A recent systematic review and meta-analysis of randomized control trials studying the efficacy of CSIs on patients with RCT found that they provide at best minimal transient pain relief at 4 to 8 weeks, but no pain reduction was noted over the control at the 3 months assessment.[@bib2] However, this meta-analysis did state that the results were largely driven by a small number of studies with positive results that were significant outliers, and further, it remains unclear whether the decrease in pain observed in this study reached minimally clinical important difference. Similarly, the recent systematic review and non-pooled analysis by Cook et al.[@bib41] discovered that CSIs provided improvements in pain and function in the short term (up to 8 week) but not in the midterm (12-26 weeks). However, the results of this review only took into consideration 4 trials graded by the authors to be at low risk of bias: 3 of these trials showed benefit of CSI and 1 trial found no advantage over the control. The results of these 2 reviews are in contrast to the findings by the 2007 systematic review by Koester et al.,[@bib3] which indicated that there is little reproducible evidence to support the efficacy of CSIs in managing RCT. Of note, an ongoing randomized controlled trial is currently investigating the effects of physical therapy with and without CSI for the treatment of rotator cuff disorders.[@bib42] The results of this study may shed light on the ability of CSIs to provide a window of opportunity to optimize rehabilitation following rotator cuff injury. This concept may be an important focus of future investigation.

While the relationship between injection dosage and clinical benefit or harm is uncertain, it has been shown in the study by Harada et al.[@bib22] that greater concentrations of triamcinolone acetonide caused irreversible changes in the viability and apoptosis ratios in human RCT biopsies, whereas reversible changes were observed in lower concentration formulations. This finding offers theoretical support to the practice of limiting the number of CSIs to 3 times per year, per body part, as greater concentrations have deleterious consequences with regards to tendon cellular viability. Although not supported by current clinical evidence, the findings of the studies by Muto et al.[@bib18] and Jo et al.[@bib24] suggest that platelet-rich plasma may partially reverse the deleterious effects that CSIs have on RCTs, which are findings that warrant further investigation.

Limitations {#sec4}
===========

Our systematic review has limitations that are mostly the consequence of the quality and heterogeneity of the included studies. We specifically queried for papers that involved RCTs and the effect corticosteroids had on them. An important limitation in these included studies is they differ in whether the corticosteroid was exposed to the tissue in vivo or in vitro. The implications of these differences may have downstream effects and thus largely impact the outcome of each of those studies. Several of these studies also used rat models, which must be interpreted with caution, as the biology and anatomy differ from that of humans. In addition, the laboratory studies were heterogeneous in terms of whether a healthy or pathologic RCT was being studied. This is an important variable to note, since it has been demonstrated that healthy tendon and diseased tendon have different microenvironments in terms of local inflammation, and thus they react differently to steroids. The degree to which the findings of these laboratory studies are applicable to human patients is certainly up for debate.

Conclusions {#sec5}
===========

On a molecular level, CSIs decrease cellular proliferation, alter collagen and ECM composition, impede inflammatory pathways, decrease cellular viability, increase adipocyte differentiation, and increase apoptosis. These changes can be seen as early as 24 hours after corticosteroid exposure, last as long as 2 to 3 weeks, and are exacerbated by increased doses and decreased latency between doses. Biomechanical studies demonstrate that these changes result in decreased maximal load to failure, tendon stiffness, and suture anchor pull-out strength in rat shoulders up to 2 weeks, but not at 3 and 4 weeks, post-CSI.
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[^1]: AJSM, *American Journal of Sports Medicine*; BJR, *Bone & Joint Research*; BJSM, *British Journal of Sports Medicine*; BM, betamethasone; DEXA, dexamethasone; HA, hyaluronic acid; IHC, immunohistochemistry; JBJS, *Journal of Bone and Joint Surgery*; JOR, *Journal of Orthopedic Research*; JSES, *Journal of Shoulder and Elbow Surgery*; KSSTA, *Knee Surgery, Sports Traumatology, Arthroscopy*; MP, methylprednisolone; MTA, methyl prednisolone acetate; NR, not reported; PRP, platelet-rich plasma; TA, triamcinolone acetonide.

[^2]: Col I, collagen type I; Col III, collagen type III; CS, corticosteroids; CSI, corticosteroid injection; DEXA, dexamethasone; GCI, glucocorticoid injection; HIF-1α, hypoxia-inducible factor 1α; MMP, matrix metalloproteinase; NF-kB, nuclear factor-kB; NMDAR1, *N*-methyl-D-aspartate receptor 1; PRP, platelet-rich plasma; RCR, rotator cuff repair; RCT, rotator cuff tendon; SAD, subacromial decompression; TA, triamcinolone acetonide; TNF-alpha, tumor necrosis factor-α.

[^3]: This study found increased NMDAR1 receptor expression, which was hypothesized to be a risk for increase excitotoxic cell damage.

[^4]: This investigation observed the downstream proteins, which are the effect of TNF-α activation, had increased nuclear localization steroid exposure.
